Convergence-accommodation, one of several cross-linkages in the oculomotor system is manifested by opening the accommodative feedback loop and increasing the vergence input. We elicited this response in human infants aged 3 -6 months by placing a 15D prism (base-out) before one eye while they viewed a diffuse patch of light. Accommodation was measured and ocular alignment was confirmed with a video photorefractor. The convergence -accommodation response is therefore present during a time when blur driven accommodation and disparity vergence are maturing. The gain of convergence -accommodation (expressed as the stimulus CA/C ratio) appeared to be greater for infants than adults.
Introduction
While eye movements can be effectively classified into subgroups (Robinson, 1968) , it is important to recognize that cross-coupling between subgroups such as saccades and vergence appears to be an important means through which accurate monocular and binocular alignments are achieved (Alpern & Ellen, 1956; Fincham & Walton, 1957; Fry, 1982; Ciuffreda & Kenyon, 1983; Schor & McCandless, 1995; McCandless, Schor & Maxwell, 1996) . The longest known crosscouplings are those between accommodation and vergence; specifically, convergence-driven accommodation and accommodative-driven vergence. In fact, the latter was first documented over a century ago by Mueller in 1826 (cited in Alpern & Ellen, 1956 ). These two cross-linkages are quantified as the CA/C ratio (degree of accommodation resulting from a unit change in vergence) and the AC/A ratio (degree of convergence resulting from a unit change of accommodation), respectively. Both cross-links can be measured as a 'response' AC/A or CA/C or as a 'stimulus' ratio. In the former case, the independent variable is measured while in the latter case, the independent variable is not measured but rather is represented by its demand or stimulus level. Thus for an experiment where convergence is driven by prisms, a 'response' CA/C ratio would be determined by measuring both the resulting accommodation and the resulting ocular vergence change. A 'stimulus' CA/C measure would be determined by measuring only the accommodation and plotting it as a function of the prism powers used.
De6elopment of accommodation and 6ergence
Infants' accommodation increases in its range over the first 3 months of life, while measurable improvements in accuracy occur up until 6 months of life (Haynes, Held & White, 1965; Braddick, Atkinson, French & Howland, 1979; Banks, 1980; Howland, Dobson & Sayles, 1987) . The increased range of accommodation is attributed not so much to peripheral motor development as it is to development in sensory functions such as contrast sensitivity, which reduces the eye's depth of focus (Braddick et al., 1979; Banks, 1980; Banks, Green & Powers, 1980) . In addition, the development of accurate accommodation appears to require attentional development (Braddick et al., 1979) . The development of ocular vergence shows a similar time course of improved accuracy and range over the early months of life (Aslin, 1977; Hainline & Riddell, 1995) . This development, again, is reflective of sensory improvements where the development of binocular vision as a whole requires the reciprocity between sensory functions (fusion and stereoacuity) and motor vergence alignment (Aslin, 1977; Held, Birch & Gwiazda, 1983; Thorn, Gwiazda, Cruz, Bauer & Held, 1994; Held, Thorn, Gwiazda & Bauer, 1996) .
While little is known about the cross-link development, neurophysiological evidence shows that crosscoupling occurs at least in part at supranuclear areas of the brainstem and in the cerebellum (Mays, 1984; Judge & Cumming, 1986; Zhang, Mays & Gamlin, 1992; Gamlin, Yoon & Zhang, 1996) . Given the basic pattern of infant oculomotor development (Hainline, 1993; Braddick, Atkinson & Hood, 1996) , this subcortical wiring could well be in place by the time the basic functions of accommodation and vergence have appeared.
To date, only one study, (Aslin & Jackson, 1979) , suggests the existence of oculomotor cross-coupling in infants. They tested infants aged 2 -6 months and defined vergence by changes in the interpupillary separation of corneal reflexes when fixation changed from a distant (2 m) to a near (15 cm) target. A more convergent position of the eyes was found when fixation was changed from the far to the near target with either both eyes viewing or only one eye viewing. The convergence was less in monocular than in binocular viewing, which is expected if only accommodative vergence was being utilized in the monocular case. However, since the targets changed in their relative distance from the eye, it is not certain whether the 'monocular' convergence was actually blur driven or driven by proximity cues. Therefore, the identification of true blur driven accommodative vergence has not been made. Furthermore, the method could not quantify the stimulus AC/A ratio, as neither the magnitude of convergence nor accommodation was measured.
In this study, we looked for the presence of the convergence-accommodation cross-coupling in infants between 3 and 6 months of age using a method that is not ambiguous to proximal cues. Further, the method allows quantification of the convergence -accommodation cross-link in the form of a 'stimulus' CA/C measure where convergence is defined by its stimulus level.
Materials and methods

Subjects
Subjects were selected from a longitudinal study of visual development in infants and children, conducted in Tompkins County, New York. Parents provided informed consent prior to their children's participation.
Although we were primarily interested in infants between the ages of 3 and 6 months, we conducted testing over a broader age range in the event younger infants were unable to respond to the test. Accordingly, a total of 32 infants between the ages of 3 and 12 months were tested. Of these, ten infants were between the ages of 3 and 6 months (109-183 days). The remaining 22 were older infants who ranged in age from 6 to 13 months (185-382 days).
Apparatus
Accommodative responses and ocular alignment were measured using the Fortune Optical (Tomey ViVA) VRB-100 videorefractor (v. 3.3 software). The instrument, which operates on the principle of eccentric photorefraction (photoretinoscopy), measures the refractive state of the eye from the slope of the intensity distribution of a pupillary light reflex arising from infrared sources placed eccentric to the aperture of the videorefractors camera. Refractive errors for each eye are resolved in 0.25 D steps along two principal ocular meridians. In an earlier study (Thompson, Li, Peck, Howland, Counts & Bobier, 1996) , we defined the working range of the instrument and found that accommodation could be measured accurately over a 9 3 D (diopter) range from the instruments 1 m working distance.
We induced convergence responses through the application of base-out prisms held before one eye. The magnitude of the prism provided the stimulus level of convergence. The videorefractor measures the symmetry of the corneal reflexes (first Purkinje images) in the two eyes. This measurement determines the presence, direction and magnitude of any manifest strabismus, following the theory of the well known clinical Hirschberg test. In addition to confirming that the infant is aligned with the instrument, the Hirschberg measure provides confirmation that the appropriate convergence response has been made. When the baseout prism elicits the appropriate ocular convergence response, the symmetry of the corneal reflexes are maintained when viewed through the prism. Failure to converge in response to the prism would lead to an asymmetric pattern (Fig. 1) . A control study revealed that asymmetries created by prism amounts beyond 9 8D could be reliably detected (see Appendix A). Accordingly, we tested convergence-accommodation responses in infants using prisms of 15D magnitude so that a lack of a convergence response could be reliably detected.
Target
A diffuse 'blob' target was designed by covering a light-emitting diode (LED) with a Ping-Pong ball half showed a gradual reduction in luminance across its surface that created weak contours and thereby provided a stimulus that would open the loop of accommodation. Previous investigations (Knoll, 1950) found such 'blob' targets to be weak stimuli to accommodation. Adult comparison measures of convergence-driven accommodation (see below) showed good agreement between the 0.5 mm pinholes and the blob target.
Con6ergence -accommodation measures
The infants viewed the blob target, which subtended an angle of 2.7°and was placed 3°above the camera of the ViVA. The room was darkened so that the infants attention could be captured by the target. The target was then flashed manually, and noisemakers were waved near it. Convergence-accommodation was measured by first taking a baseline reading of the resting refractive error and ocular alignment with the ViVA. The procedure was repeated with a 15D base-out prism typically placed before the right eye. If the 15D prism produced no misalignment, then 2, 10 and 20D base-out prisms were attempted. A complete data set required successful measures for at least three conditions: no prism, a 15D prism, and the 2D prism. For each prism, measurements of ocular refraction and alignment were taken. The output from the videorefractor was scrutinized with respect to a defined set of criteria. The 2D prism was always introduced after the 15D prism. The 2D prism served as a control for accommodation being driven by the placing of the prism before an eye, i.e. to insure that the prism itself was not an accommodative target.
sphere, which was then overlain by a plastic diffusing screen. The light distribution across the screen (Fig. 2) Fig. 2. Illuminance profile of the blob target. Illuminance measures were taken at set points laterally offset from the center of the blob target (). The illuminance declined toward the edges in a gradual manner, providing a weak stimulus for accommodation.
Control and comparison in6estigations concerning the blob target
Adults
Control studies with six adult subjects were run to confirm that the blob target would provide a large depth of focus as well as a relative measure of adult CA/C ratios from which comparisons to infant values could be made. In this study, adults viewed one of three targets, described below, while prisms in the amount of 10, 20, 25 and 30D were placed before the right eye. In some cases, subjects were given practice sessions to enable them to view a single and clear image through 25 and 30D prisms. After the subjects viewed the blob target, they viewed an optical cross through 0.5 mm pinholes set in an infrared transmitting filter and then viewed the same optical cross without pinholes. A total of three trials were taken for each target type. The ViVA measured any resulting change in accommodation as an increase in myopic refractive error.
Infants
We also attempted to investigate the effect of a salient accommodative stimulus on the infants responses to prisms. We displayed to the infants the small (8 × 6 cm) video screen of a video tape player, the center of which was 4°inferior to the center of the ViVA camera lens. We played colored video tapes of cartoons with sound to attract the infants attention, and recorded their accommodation and convergence with prisms of 2 and 15D. The average brightness of the video screen was 70 cd/m 2 . Ten infants participated in this part of the study. Their mean age was 5.49 1.0 months.
Analysis
Presence of con6ergence -accommodation
We obtained complete data sets for six out of ten infants who were between the ages of 3 and 6 months. Interestingly, this represented a higher rate of completed testing than with children between the ages of 6 and 13 months where nine out of 22 tests were successfully completed. Measures of convergence-driven accommodation were taken only when the videorefractor registered no misalignments in either the vertical or horizontal direction. Three of the infants were excluded because vertical and/or lateral alignment of the Purkinje images could not be achieved for the 15D prism. The six 'successful' younger subjects ranged in age from 3.3 to 6.2 months (mean=4.3 months).
Accommodation was measured from the ViVAs output by selecting one ocular meridian per subject based on: (1) the linearity of the intensity profile; (2) accommodative changes within the working range of the photorefractor; and (3) light levels and pupil sizes within the desired range for ViVA measures. If two or more meridians met the above criteria equally, then selection was made on an arbitrary preference for the right eye and the vertical meridian.
Infant CA/C ratio
To compute a stimulus CA/C ratio for this age of infant, we determined accommodative measures for all prism powers that produced no evidence of misalignment in any of the six infants. To best define the CA/C ratio (see below), we also included data from the only two subjects (PL 4.6 months and TO 5.6 months, respectively) tested in a previous study (Bobier, Howland, Thompson, Giunta & Peck, 1995) who showed alignment for 0, 2, 10 and 20D prisms.
When we considered the data as a whole, we found very little ambiguity in determining accommodative measurement. Measurement errors due to head rotations between prism trials were within 0.50 D. Refractive measures were based on linear slopes of the pupil illumination in all cases except WS at prism= 2. In that case, an ambiguity of 0.75 D was introduced because the slope measure had a bi-modal shape. The slope was determined from an averaging procedure described in the operating manual of the VRB-100 videorefractor. We allowed only minor deviations from the manufacturers recommended criteria for ViVA measures. For subject WS, we accepted a pupil size of 4.8 mm at prism= 0 and 4.5 mm at prism= 10, and for subject PL, we accepted 4.8 mm pupil for prism= 10. These were small deviations from the suggested minimum pupil size of 5 mm. All measurements were made within the manufacturers recommended recorded light levels in the pupillary reflex (an arbitrary scale of 30-90).
Results
Existence of con6ergence -accommodation
The existence of a convergence-driven accommodation component was determined by comparing the change in averaged refractive error for prism values of 0, 2 and 15D for all six subjects as shown in Table 1 . The increase in accommodation is evident as the refractive error becomes myopic at 15D, in contrast with mean hyperopic refractive errors found at both 0 and 2D. This increase in accommodation with the 15D prism is significant (P B0.05, Student-Newman-Keuls Test).
Stimulus CA/C ratio
The convergence-accommodation for the eight infants (mean age= 4.5 months, see above) is shown in Fig. 3 . All eight infants had viewed through prism powers of 0, 2 and either 15 or 20, and in some cases ratio (D/D) of all six subjects for each condition is shown at the bottom of Table 2 . The stimulus CA/C ratio for the diffuse and pinhole targets are similar in magnitude while the smaller CA/C ratio for the high contrast target is statistically different from the slope found for the diffuse and pinhole targets. Individual data for each adult subject is shown in Fig. 4 for the case of the blob target.
The small interpupillary distance (IPD) of the infant requires less convergence than older subjects to fixate the same object of regard. A better means of comparison is achieved by converting to meter angle (MA) units for convergence (where MA=D/(IPD in cm)) so that convergence is now defined as the reciprocal distance (m) of the intersection of the primary lines of sight from the eyes. Accommodation (in D) and convergence can now be directly compared. The average interpupillary distance for the infants, viewing at 1 m 10D. The average slope for these eight infants was 0.17 D/D. The slope is significantly different from 0 at PB 0.001.
Adult comparison measures
The mean measures of accommodation through baseout prisms for the six adult subjects are shown in Table  2 . The means of three trials are shown for each target type; diffuse blob, pinhole and high contrast. The data has been normalized to set accommodation to zero at 0D so changes in accommodation can be compared between subjects. The data was then plotted with accommodation as a function of prism power for each subject for each condition. The resulting mean CA/C from such drop outs due to factors which have nothing to do with the visual task at hand. Be that as it may, the conclusions from this study clearly only relate to these infants who can fuse this prism series, which was 60% for the younger group and 40% in the older group.
The existence of a convergence-accommodation component shows that cross-linkages between vergence and accommodation are present in infants between 3 and 6 months of age. It would appear that cross-links between vergence and accommodation are in place close to the time when the rapid maturation of accommodation and vergence systems is seen. Given that cross-linkages appear to involve midbrain neural connections, this would be consistent with other oculomotor behaviors, which suggests sub-cortical visuomotor activity is present in the early months of life (Braddick et al., 1996) .
Comparison of adult and infant results
This study found that when adults were tested using the same apparatus and viewing conditions, they accommodated less per unit change of vergence demand than did the infants, i.e. they had a much lower stimulus CA/C ratio, only 0.25 D/MA compared to the infants 0.73 D/MA. This difference between infant and adult CA/C ratios was significant (PB 0.001). These adult measures are low compared to some values previously reported which would range between 0.45 to 0.80 D/MA (Fincham & Walton, 1957; Kent, 1958; Jiang, 1995) . However, other investigations show adult values similar to ours (0.28 D/MA converting to MA using a mean IPD of 6.3 cm) (Tsuetaki & Schor, 1987) . The relatively larger CA/C ratio found for the infants in this study is expected for a number of reasons. CA/C ratios in adults beyond 22 years show a decline which has been attributed to a differential decline in the accommodative plant (Fincham & Walton, 1957; Kent, 1958) which does not arise for the vergence plant. Thus the higher stimulus CA/C in the infant may reflect a greater facility of accommodation as opposed to different gains in the neural coupling between accommodation and vergence. Furthermore, there are task dependent variables that favour this finding. Convergence-driven accommodation is dependent upon how well the accommodative loop is opened (Ward & Charman, 1987) . The depth of focus of the infant eye is predicted to be greater than that of the adult as a result of the decreased contrast sensitivity leading to reduced blur discrimination. Accordingly, when viewing the blob target used in this experiment, it may well be that the infants accommodative loop would be more completely opened than the adults.
The relative difference between infant and adult response CA/C measures would be predicted to be greater than the stimulus CA/C measure. 'Stimulus' was 42.8 mm while that of the adults was 59.5 mm.
1
The infant CA/C ratio becomes 0.73 D/MA while that of the adults becomes 0.25 D/MA, which is significantly less than that of the infant (P B0.001).
Of the 22 older infants, only five were successful in meeting the criteria described above. For this group, mean accommodative responses showed no change when the 2D was placed before the eye, while accommodation significantly increased when the 15D was placed before the eye (P B0.0045).
Response of infants to a salient accommodati6e stimulus
Of the ten infants we tested, six successfully met the above 'fusion' criteria. We accepted the data of one subject whose pupil sizes ranged from 4.2 to 4.5 mm and accepted three measurements where the light levels fell below 30 (27-29) Under the increased levels of illumination five of these six infants showed accommodation to the 2D prism. Thus we could not confirm whether or not the salient accommodative stimulus reduced the effect of convergence -accommodation.
Discussion
The presence of cross-linkages between con6ergence and accommodation
Of the 32 infants who participated in the study only 15 managed to complete the three prism tests successfully (0, 2, 15D prisms). Generally, all studies which require prolonged performances from infants will suffer cross-link measures are proportional but different from their respective 'response' measures (Alpern, 1969; Hung & Semmlow, 1980; Hung, 1992) ; since, both the motor responses of accommodation and vergence show increasing lags as the stimulus demand increases (Fry, 1937; Morgan, 1944; Ogle, 1950; Morgan, 1968; Toates, 1972 Toates, , 1974 Schor, 1979) . For adults, the difference between stimulus and response CA/C measures would be predicted to be small given that vergence errors are generally less than 1D (Ogle, 1950) . However, the vergence lag in infants is greater than that of the adults (Aslin, 1977; Hainline & Riddell, 1995) . Thus it could well be that response CA/C measures would show an even larger disparity between the infant and adult.
Given that once stereoacuity appears, its development is considerably faster than grating acuity, convergence-accommodation may well be responsible for accurate accommodation in infants, where disparity detection is relatively more acute than blur detection. Furthermore, even in the adult visual system, it is generally held that reflex accommodation can only respond to changes in light vergence of 1 -2 D when other cues are absent (Toates, 1972) .
Is this con6ergence -accommodation?
We have made the assumption that the accommodation following the placement of prisms before the eye is disparity-induced convergence -accommodation. This response is attenuated when viewing a high contrast field as demonstrated in Table 2 for adults, where the presence of blur cues presumably drives a reduction in accommodation in order to offset the convergencedriven accommodation. In this case, we simulate the well-established measure of relative convergence, where the accommodative response remains steady even though convergence is increased with prisms (Fry, 1937) .
It has been argued (Jampolsky, personal communication) that the infants could have accommodated first and then converged, i.e. they accommodated in order to fuse the target by using accommodative -convergence. This situation would be more awkward for the infant because the prisms do not introduce a blur cue. The infant would therefore be required to 'voluntarily' overaccommodate to supply the necessary convergence through the accommodative -vergence cross-link. In this case, accommodation would have to be driven by an atypical stimulus since there would be no blur cue nor would there be any proximal change in the stimulus. It is generally held that infants of this age show a strong reciprocity between vergence development and its sensory correlates disparity detection (stereoacuity) and binocular fusion. It is difficult not to accept the simplest explanation namely that the base-out prism creates a retinal disparity which the drives convergence and convergence-driven accommodation. Furthermore, this assumes no less than studies with adult subjects where by eliminating blur cues and holding proximal cues constant the accommodative response elicited with increasing convergence stimuli is defined as convergence-accommodation.
Clinical implications
This study finds that vergence and accommodation are linked early in life, certainly between the ages of 3 and 6 months and possibly earlier. If such linkages are set with inappropriate gains (Schor, 1988a,b) or are unable to deal with the high amounts of accommodation imposed by large amounts of hyperopia, then this could be a factor in the development of infantile esotropia, which is not typically seen prior to 3 months of age. Fig. A1 . Measured eye misalignment versus power of prism placed before viewing eye (other eye covered with IR filter). The ViVA instrument did not detect misalignments less than 8D. The slope of measured misalignment versus prism power was 0.69 if measurements of less than 8D were ignored. Data is from three adult subjects.
Appendix A. Sensitivity of binocular alignment
We measured the minimum degree of misalignment that the ViVA could detect. Three adult subjects viewed a target at the camera plane with an infrared filter placed before one eye. This broke binocular fusion while allowing infrared recording of the Purkinje images. A prism was placed before the viewing eye. The resulting saccadic eye movements created an asymmetry in the location of the Purkinje images between the eye with the prism before it and the one without. The magnitude of this asymmetry could be assumed to equal the magnitude of the prism used. The ViVA reliably recorded misalignments of 8D or more of simulated esotropia and exotropia (Fig. A1) , although it tended to underestimate them (slope 0.687).
